The dynamic properties of inkjet-printed Ag thin films on flexible substrates were measured using flexural wave propagation. The Ag nanoparticle suspension was inkjet-printed on polyimide (PI), silicon wafer, and glass. The effects of flexible substrates on the dynamic properties of the films were investigated. Beam-shaped Ag-printed substrates were fabricated by pico-second laser pulse cutting. The wave approach was presented to analyze the vibrations of the thin film on the substrates. The Young's modulus and loss factor of the Ag thin films with the substrates were represented by the combined bending stiffness of the bilayer beam. The vibration response of the base-excited cantilever was measured using an accelerometer and laser Doppler vibrometer (LDV). Vibration transfers were analyzed to obtain dynamic characteristics of the Ag-printed bilayer beam. The substrate affects the reduction of the Ag thin film thickness during the sintering process and surface roughness of the film. The proposed method based on the wave approach allows measurement of the dynamic properties regardless of the ratio of the modulus between the thin film and substrate.
Introduction
With the interest in alternatives to traditional photolithography, inkjet printing has attracted considerable attention in various printed electronics applications such as flexible displays, electronic skins, flexible solar cells, and thin-film transistors [1] [2] [3] [4] [5] [6] . Inkjet printing has the advantages of lowering material waste, manufacturing cost, and manufacturing process steps due to the integrated circuit pattern fabrication in flexible electronics. Moreover, inkjet technologies allow printing of precise amounts of various materials with electrical, optical, and chemical functionalities [7, 8] . In addition, high precision, stability, user customization, and rapid production have encouraged the technology to expand into new applications such as patch antenna emitters, bio-sensing, biomimetic devices for providing water, and vibrational energy harvesting [9] [10] [11] [12] .
Electric circuits are produced through printing and sintering processes of liquid ink droplets on a substrate. The densification and electrical performance are affected by various factors during sintering. Proper sintering conditions allow the design of printed devices for high performance. In previous studies, temperature was the major factor, which improved the quality of the film and determined the complete densification process [13, 14] . Pressure was used to reduce the temperatures required to improve the conductivities during the sintering process [15] . The thickness of the film increased in proportion to the number of overprints. It was determined that the Young's modulus and the hardness of the film are dependent on the film thickness [16, 17] . The electrical performance of thin film transistors was optimized by adjusting the thickness of the film [18] . The electrical resistivity and physical deformations of the film after sintering were also related to the substrate [19, 20] .
Since mechanical properties directly affect the performance of flexible electronic products, the Young's modulus and loss factor of the thin film should be identified to make highly reliable products. The nanoindentation test was developed to measure the properties of thin films. [21, 22] . When the indenter is pressed into the specimen, the Young's modulus is obtained from the load-displacement curves. This method using an indenter causes damage to the specimen due to plastic deformations [23] . The accuracy of the measurement is not guaranteed for hard films on soft substrates [14] .
Modal analysis is a common method to measure the dynamic properties of a beam. The cantilever beam is widely used for measuring due to the clear implementation of boundary conditions associated with accuracy [24, 25] . Methods based on modal properties utilize the resonance frequencies of the vibrating system. The measured resonance frequencies generally encounter assorted unwanted conditions such as noise and nonlinear responses. These aspects require complicated signal processing to accurately measure the properties of the beams.
In this study, flexural wave propagation was utilized to estimate the dynamic characteristics of inkjet-printed Ag thin films. The surface morphology of the inkjet-printed Ag thin film was measured using a 3D optical profiler. Experiments were conducted with the inkjet-printed Ag thin film on varied substrates. The effects of the substrate on the dynamic properties of the film were investigated. The wave approach was presented to analyze vibrations of the thin film on the substrates. The Young's modulus and loss factor of Ag thin films with the substrates were represented by the combined bending stiffness of the bilayer beam. Vibration transfer on the bilayer beams was measured. The dynamic properties of the thin film were obtained numerically using the vibration transfer with regard to the properties of the substrates. The proposed method allows the dynamic properties of the thin film on arbitrary substrates to be determined. The inkjet-printed Ag thin films were evaluated through vibration transfer without plastic deformation of the specimens.
Vibration Transfer of Ag Inkjet-Printed on Flexural Substrates

Flexural Wave Propagation of Inkjet-Printed Substrates
The effects of shear deformation and rotary inertia are negligibly small compared to those of the bending deformation due to the small thickness and width of the substrates. The equation of motion for inkjet-printed substrates excited in the transverse direction is expressed as [26] 
where D is the bending stiffness, w is the deflection, x is the lengthwise coordinate from the origin, and M b is the mass per unit length of the beam. Assuming the harmonic vibration is given by w(x, t) = Re ŵ(x)e iωt , the vibration response of a substrate is obtained from the following equation:
whereÂ n (n = 1, 2, 3, 4) are complex coefficients, L is the length of the beam, andk b is the complex wavenumber. To consider the vibration dissipation of wave propagation, the complex stiffness was used asD = D(1 + iη), where η is the loss factor. Substituting Equation (1) into (2), the complex wavenumber is derived ask
To solve the unknown coefficients,Â n , the boundary conditions are applied aŝ
The transfer function between the vibration responses at x = x 1 and the input excitation, w 0 , is calculated as follows:
where Λ and φ are the amplitude and phase of the transfer function, respectively. The complex wavenumbers,k b = k br − ik bi , were calculated numerically using the measured transfer function [27] . The iteration matrix equation of the Newton-Rapson method is given as
The complex bending stiffness with frequency was obtained using the calculated wavenumber.
Bending Stiffness of the Bilayer Beams for Analyzing Vibrations on the Inkjet-Printed Ag Thin Films
To analyze the vibration transfer of ink on the substrates, the combined bending stiffness of the bilayer beam was used. The bilayer beam consists of the substrate and the printed ink. To obtain the Young's modulus of the film on the substrate, the bending stiffness of the substrate should be identified. When the strain distribution is linear across the thickness of the bilayer beam, the stress equilibrium for the neutral axis is expressed as [28] 
where h s and h f are the thicknesses of the substrate and the film, respectively, h n is the distance of neutral axis from the surface of the beam, E s and E f are the Young's moduli of the substrate and the film, respectively, and z is the thickness-wise coordinate from the neutral axis. The distance, h n , is determined from Equation (7) as
The moment equilibrium about the neutral axis is given as [29] 
After substituting Equation (8) into Equation (9) and integrating Equation (9), the combined complex bending stiffness for the internal damping effect of the beam is derived aŝ
The thicknesses of the substrate and the film were measured. The Young's moduli of the substrate without and with the film were calculated in the anterior procedure. To obtain the Young's modulus of the film,Ê f , the known values were substituted into Equation (10), which is a function of the Young's modulus of the film.
Measuring the Dynamic Properties of Ag Ink on Flexural Substrates
Specimen Fabrication and Experimental Setup
The substrates used for the experiments were two polyimide (PI) films (SKC, Seoul, Korea) with thicknesses of 25 µm and 225 µm, slide glass with a thickness of 145 µm, and a silicon wafer (LG Siltron Inc., Gumi, Korea) with a thickness of 200 µm. To remove surface contamination, the substrates were first ultrasonicated in isopropyl alcohol (Daejung chemicals & metals, Siheung, Korea) for 20 min and rinsed with a deionized water for 10 min. For proper wettability of the substrates, C 4 F 8 gas (99.99%) (Daesung industrial gases Co., Seoul, Korea) was used. The substrates were treated in O 2 and Ar plasmas to remove any remaining contamination from organic matter. A MicroFab piezoelectric print head (MicroFab Co., Plano, TX, USA) with a 30 µm nozzle diameter was used to perform inkjet printing on the plasma-treated surface.
The Ag ink used in this study was a silver nanoparticle colloid in tetradecane (Harima Chemical Co., Tokyo, Japan). The ink contained 57.3 wt % silver nanoparticles with diameters below 10 nm. The viscosity of the Ag ink was 8.4 mPa·s at 20 • C. The applied voltage was controlled to ensure accuracy of the droplet generator (MicroFab Co., Plano, TX, USA). The printing resolution was adjusted to 800 dpi, and the drop diameter was set to 30 µm. Due to the controlled conditions, the average diameter of a single droplet on the substrate was maintained at 55 µm.
The Ag thin films on the substrates were printed as shown in Figure 1 . To satisfy the performance of conductivity and mechanical properties, the inkjet-printed thin films were sintered at 210 • C for one hour. The width and thickness of the film were designed to be 100 µm and 1.5 µm, respectively, when the number of overprints was one. The actual printed width and thickness had variations affected by the properties of the substrates. To conduct the vibration test, the beam shape specimens were obtained by Nd:YVO4 laser pulse cutting (with a 10 ps pulse width, a 343 nm wavelength, and a 400 kHz frequency). The printed specimens had different widths depending on the substrate: the PI and glass had widths of 500 µm, and the silicon wafer had a width of 300 µm.
The substrates used for the experiments were two polyimide (PI) films (SKC, Seoul, Korea) with thicknesses of 25 μm and 225 μm, slide glass with a thickness of 145 μm, and a silicon wafer (LG Siltron Inc., Gumi, Korea) with a thickness of 200 μm. To remove surface contamination, the substrates were first ultrasonicated in isopropyl alcohol (Daejung chemicals & metals, Siheung, Korea) for 20 min and rinsed with a deionized water for 10 min. For proper wettability of the substrates, C4F8 gas (99.99%) (Daesung industrial gases Co., Seoul, Korea) was used. The substrates were treated in O2 and Ar plasmas to remove any remaining contamination from organic matter. A MicroFab piezoelectric print head (MicroFab Co., Plano, TX, USA) with a 30 μm nozzle diameter was used to perform inkjet printing on the plasma-treated surface.
The Ag ink used in this study was a silver nanoparticle colloid in tetradecane (Harima Chemical Co., Tokyo, Japan). The ink contained 57.3 wt % silver nanoparticles with diameters below 10 nm. The viscosity of the Ag ink was 8.4 mPa·s at 20 °C. The applied voltage was controlled to ensure accuracy of the droplet generator (MicroFab Co., Plano, TX, USA). The printing resolution was adjusted to 800 dpi, and the drop diameter was set to 30 μm. Due to the controlled conditions, the average diameter of a single droplet on the substrate was maintained at 55 μm.
The Ag thin films on the substrates were printed as shown in Figure 1 . To satisfy the performance of conductivity and mechanical properties, the inkjet-printed thin films were sintered at 210 °C for one hour. The width and thickness of the film were designed to be 100 μm and 1.5 μm, respectively, when the number of overprints was one. The actual printed width and thickness had variations affected by the properties of the substrates. To conduct the vibration test, the beam shape specimens were obtained by Nd:YVO4 laser pulse cutting (with a 10 ps pulse width, a 343 nm wavelength, and a 400 kHz frequency). The printed specimens had different widths depending on the substrate: the PI and glass had widths of 500 μm, and the silicon wafer had a width of 300 μm. 
Morphology and Characteristics of Ag Films
To calculate the average thickness, the morphology of inkjet-printed thin films was measured using a 3D optical profiler (Nano View NV-P2020, NanoSystem, Daejeon, Korea). The degree of densification during the sintering process determines the Young's modulus of the ink. With an identical overprint number and sintering process, densification by grain growth induces thickness reduction [16] . Figure 3 shows typical surface images and profiles on the PI, silicon wafer, and glass substrates. The mean value calculated by surface profiles at five locations was utilized as a representative thickness of the Ag film printed on each beam. The sintering process changes the rectangular cross-sectional shape into a rough semi-circular shape due to central collapse during densification [30] . The silver formation, i.e., the grain size, the surface roughness, and the thickness of the Ag film, is affected by the sintering temperature and the number of overprints [16] . As the high sintering temperature helped reduce the film thickness, the grain growth depended on the substrate. The thickness of the Ag film decreased with a soft surface during the sintering process. The bending stiffness was proportional to the third power of thickness, but the rough surface was not included in the thickness. When the Ag film became thinner, densification was greater under the same sintering conditions. The 3D optical profiles indicated substrate influence on the surface roughness and thickness of the Ag film. The thin films on the PI had a larger thickness than those on the silicon wafer and the glass. The average thickness and standard deviation at five locations on the PI, silicon wafer, and glass were 1.91 ± 0.11 μm, 1.85 ± 0.05 μm, and 1.53 ± 0.04 μm, respectively. 
To calculate the average thickness, the morphology of inkjet-printed thin films was measured using a 3D optical profiler (Nano View NV-P2020, NanoSystem, Daejeon, Korea). The degree of densification during the sintering process determines the Young's modulus of the ink. With an identical overprint number and sintering process, densification by grain growth induces thickness reduction [16] . Figure 3 shows typical surface images and profiles on the PI, silicon wafer, and glass substrates. The mean value calculated by surface profiles at five locations was utilized as a representative thickness of the Ag film printed on each beam. The sintering process changes the rectangular cross-sectional shape into a rough semi-circular shape due to central collapse during densification [30] . The silver formation, i.e., the grain size, the surface roughness, and the thickness of the Ag film, is affected by the sintering temperature and the number of overprints [16] . As the high sintering temperature helped reduce the film thickness, the grain growth depended on the substrate. The thickness of the Ag film decreased with a soft surface during the sintering process. The bending stiffness was proportional to the third power of thickness, but the rough surface was not included in the thickness. When the Ag film became thinner, densification was greater under the same sintering conditions. The 3D optical profiles indicated substrate influence on the surface roughness and thickness of the Ag film. The thin films on the PI had a larger thickness than those on the silicon wafer and the glass. The average thickness and standard deviation at five locations on the PI, silicon wafer, and glass were 1.91 ± 0.11 µm, 1.85 ± 0.05 µm, and 1.53 ± 0.04 µm, respectively. 
Dynamic Properties of the Ag Films
The wave propagations on the beam are dependent on the bending stiffness and mass per unit length of the beam. The combined bending stiffness was obtained from Equation (10) . The mass per unit length of the bilayer was calculated as the simple sum of the values. Figure 4 shows the measured transfer functions of the bare substrates and the Ag-printed PI and glass beams. The predicted functions were plotted using the derived properties in Figure 5 . The vibration transfers in Figure 4 showed evident variations due to the printing process. The vibration responses of PI shifted higher, and those of the silicon wafer and glass shifted to lower frequencies. The effects of Ag ink were determined by the stiffness and mass per length of the substrates. These variations definitely show that the properties of the Ag ink were correlated with the substrates.
GPa
The densification of the Ag film depends on the substrate due to differences in the coefficient of thermal expansion [19] . Densification is known to be affected by temperature, pressure, the number of overprints, and grain size [14, 15] . As densification reaches completion, the Young's modulus of the Ag film converges to that of silver. When nanoparticles of silver ink are formed during the sintering process, the geometric properties change. The surface roughness and thickness fluctuations may cause a systematic error in the measuring method. The wave approach allows accurate measuring of the properties because wave propagation on the printed substrates considers physical changes directly. In this study, the dynamic properties were obtained numerically as discussed earlier using the wave approach. The Young's modulus and loss factor were directly determined without any damage to the thin film due to the wave approach. Figure 5 shows the bending stiffness and loss factor of the bare substrates and the bilayer beams. The obtained properties were calculated numerically through Equations (3) and (6) . The averaged properties were used as representative values to minimize errors. The Young's modulus and loss factor of the inkjet-printed Ag thin films were calculated by solving Equation (10) . The results of the numerical calculation were shown in Figure 6 . The acquired Young's modulus of the Ag thin films on the thin PI, the thick PI, the silicon wafer, and the glass were 38.5 GPa, 41.1 GPa, 55.2 GPa, and 75.4 GPa, respectively, and the acquired loss factors were 0.03, 0.036, 0.047, and 0.058, respectively. Even though the same ink was used, the Young's modulus of the ink, depending on the substrate, varied considerably. The loss factor tended to increase with increments of the modulus. Based on the measured properties of the thin PI and the thick PI, the modulus and loss factor depended on the type of substrate when the sintering process was identical. These trends suggest that the effect of the substrate should be considered to obtain the mechanical properties of the ink. 
Conclusions
The proposed method based on the wave approach was introduced to measure the Young's modulus and loss factor of inkjet-printed Ag thin films on various substrates. The effect of the substrate on the properties of the printed films was discussed with respect to the morphology of the film. The vibration transfers of the printed film were compared according to substrate. Alterations of the vibration responses due to the printing process showed different tendencies. The vibration transfers on the inkjet-printed substrates were analyzed using the bilayer beam. The bending stiffness and loss factor of the printed beam were obtained numerically. Through the proposed method, the Young's modulus and loss factor of the ink were determined for various substrates. The dynamic properties of the ink varied considerably according to the substrates. When the thickness of the Ag film decreased under the identical sintering condition, the Young's modulus and the loss factor increased. The Young's moduli of the Ag films on the substrates were measured to be 46.4-90.8% of that of silver. The loss factor tended to increase with the increment of the modulus. The proposed method reliably determines the dynamic properties of the thin film regardless of the substrate characteristics. The Young's modulus and loss factor were directly determined using the vibration response on the bare substrate and the bilayer without any damage Figure 6 . Young's moduli and loss factors of the inkjet-printed Ag film on various substrates. The mechanical properties of the ink varied considerably depending on the substrate. These tendencies suggest the effect of the substrate should be considered to accurately obtain the properties of the ink.
The densification of the Ag film depends on the substrate due to differences in the coefficient of thermal expansion [19] . Densification is known to be affected by temperature, pressure, the number of overprints, and grain size [14, 15] . As densification reaches completion, the Young's modulus of the Ag film converges to that of silver. When nanoparticles of silver ink are formed during the sintering process, the geometric properties change. The surface roughness and thickness fluctuations may cause a systematic error in the measuring method. The wave approach allows accurate measuring of the properties because wave propagation on the printed substrates considers physical changes directly. In this study, the dynamic properties were obtained numerically as discussed earlier using the wave approach. The Young's modulus and loss factor were directly determined without any damage to the thin film due to the wave approach.
The proposed method based on the wave approach was introduced to measure the Young's modulus and loss factor of inkjet-printed Ag thin films on various substrates. The effect of the substrate on the properties of the printed films was discussed with respect to the morphology of the film. The vibration transfers of the printed film were compared according to substrate. Alterations of the vibration responses due to the printing process showed different tendencies. The vibration transfers on the inkjet-printed substrates were analyzed using the bilayer beam. The bending stiffness and loss factor of the printed beam were obtained numerically. Through the proposed method, the Young's modulus and loss factor of the ink were determined for various substrates. The dynamic properties of the ink varied considerably according to the substrates. When the thickness of the Ag film decreased under the identical sintering condition, the Young's modulus and the loss factor increased. The Young's moduli of the Ag films on the substrates were measured to be 46.4-90.8% of that of silver. The loss factor tended to increase with the increment of the modulus. The proposed method reliably determines the dynamic properties of the thin film regardless of the substrate characteristics. The Young's modulus and loss factor were directly determined using the vibration response on the bare substrate and the bilayer without any damage to the thin film. It is also applicable to large structures since the proposed methodology utilizes vibration modal properties. The vibration modal properties are fundamental characteristics and appear for structures of arbitrary geometry. With the rapid advances in printed electronics and 3D printing technologies, the materials used for the construction includes a wide variety of components. For reliability testing or performance evaluations, knowledge of the dynamic material properties is crucial for studying the influence of each components on the whole dynamic behavior. The proposed method allows the rapid laboratory determination of dynamic properties with small vibration measurements and is beneficial when many components need to be characterized.
